INTRODUCTION
============

It has been known for \>50 years that ribosomes make up as much as 50% of cell mass and that their synthesis is regulated in response to the cell\'s environment. Originally demonstrated for bacteria ([@B50]; [@B36]), this phenomenon has also been observed in *Saccharomyces cerevisiae* (referred to as "yeast" in the following; [@B26]) and other eukaryotes, including mammalian cells ([@B7], [@B6]; [@B16]; [@B39]). The mechanisms coupling growth, cell proliferation, and ribosome biogenesis have remained a subject of intense study for decades. In eukaryotes, ribosome formation is regulated by cues from the cell environment via phosphorylation cascades in the target of rapamycin and ras pathways ([@B37]; [@B31]). In addition, cell cycle progression responds to translation capacity and ribosome biogenesis ([@B56]; [@B62]; [@B24]). However, our understanding of the molecular mechanisms for coordinating the complex networks controlling cell cycle and ribosome formation remains incomplete.

Normal ribosome biogenesis depends on a balanced supply of the ribosomal components (four types of rRNA and 80 ribosomal proteins \[r-proteins\] in yeast). It also requires ∼200 ribosomal biogenesis factors, proteins, and small RNAs that convert the primary rRNA precursor transcript into mature rRNAs, assist assembly of the ribosomal components and shaping of the ribosomal particles, monitor the quality of the ribosomal precursor particles, and ensure their transport to the cytoplasm ([@B20]; [@B59]). These ancillary ribosome assembly factors are not components of the mature translation-competent ribosomes, even though many become temporarily incorporated into ribosomal precursor particles.

Disturbing the balanced synthesis of ribosomal components and assembly factors leads to changes in rRNA processing and abolition of the formation of one or both ribosomal subunits ([@B13]; [@B10]; [@B46]; [@B59]). This is often termed "nucleolar stress" and can broadly affect cellular functions. However, this phenomenon is not well understood. The purpose of the work reported here is to establish a systematic phenomenological framework defining the relationships between nucleolar stress and cell cycle progression and cell morphology in the simple eukaryote yeast.

RESULTS
=======

Strategy
--------

Fifty-seven of the 80 r-proteins in yeast are encoded by two chromosomal genes whose protein products in some cases are identical and in many other cases differ by only one or several amino acids. To determine the effects of repression of the synthesis of individual r-proteins, we used strains in which normal control of the expression of a single r-protein was abolished by deleting the chromosomal gene(s) for the protein and replacing it or them with a single plasmid-borne gene for that protein under control of a galactose-inducible promoter. Alternatively, one of the chromosomal genes for a given r-protein was deleted and the other brought under control of a galactose-inducible promoter inserted into the chromosome (see *Materials and Methods* for details). Most of the strains were from the collections of the Milkereit, Tschochner, and Woolford labs and were previously used to determine the effect of r-protein gene repression on the processing of rRNA ([@B13], [@B14]; [@B46]; [@B22]; [@B19]). Each strain will be referred to as P*gal*-*RPSxx* or P*gal*-*RPLxx*, where *RPSxx* and *RPLxx* indicate the specific r-protein gene controlled by the galactose promoter. The corresponding proteins are termed Sxx and Lxx, respectively. Strain BY4741, in which the r-protein genes have not been manipulated, was used a control. Traditional nomenclature for yeast r-proteins is used. For comparison with bacterial and human ribosomal protein nomenclature, see [@B23]).

The essentiality of the 54 different r-proteins considered here was tested by streaking strains, each with a given r-protein gene under galactose control, on media with galactose or glucose as carbon sources. All grew on galactose but not on glucose, that is, each of the 54 proteins we analyzed is essential for growth; 28 are from the 60S ribosomal subunit, and 26 are from the 40S subunit. Subsequently, the 54 strains were grown in liquid medium with galactose as carbon source ("unrepressed condition") and then shifted to glucose medium ("repressed condition"). Sixteen hours after the shift, we determined cell DNA content, cell and bud morphology, cell dimensions, and the number of buds on mother cells. Northern analysis of mRNA abundance for eight r-protein genes representing all the phenotypes to be described confirmed repression of transcription in glucose medium (Supplemental Figure S1). The concentration of ribosomal proteins after the repression of the galactose promoter was not followed because the ribosomal protein genes in the strains used were not tagged. However, the Milkereit and Woolford groups previously documented the distortion of ribosome biogenesis ([@B13], [@B14]; [@B46]; [@B22]; [@B19]). Furthermore, it is not clear that signals for changes in the parameters measured here are derived from a decrease in total ribosomal protein. They may come from the availability of newly synthesized proteins and the consequences for ribosome assembly.

Flow cytometric analysis of DNA content and cell size
-----------------------------------------------------

We used flow cytometry of cells fixed in ethanol and stained with propidium iodide to measure the relative amount of DNA in each cell. Note that mother cells with associated buds are registered as "single cells" by the flow cytometer. Because the cultures were nonsynchronous, we observed two peaks representing 1N and 2N DNA equivalents ([Figure 1](#F1){ref-type="fig"}). These 1N and 2N peaks correspond to cells in the G1 and G2/M phase, respectively, whereas the "valley" between the peaks contains cells in S phase. The distribution of the number of cells in the peaks was determined using Summit Software (Beckman Coulter).

###### 

Flow cytometry and microscopy of cells after cessation of the synthesis of individual r-proteins. Synthesis of a single r-protein in each of 54 strains was repressed by shifting each strain from galactose to glucose medium (see Supplemental Table S1 for genotypes). Cells were collected 16 h after the shift and prepared for flow cytometry by fixing and staining of DNA or for microscopy of live cells. (A--C) Examples of raw data. (A) BY4741 (all chromosomal r-protein genes were intact). (B) Strains for repression of individual protein genes specific to the 40S ribosomal subunit. (C) Strains for repression of individual r-protein genes specific to the 60S ribosomal subunit. (D--G) Quantification of data from experiments exemplified in A--C. (D) Fraction of cells in the 1N peak before and after cessation of the synthesis of the indicated 40S proteins. The light gray and open bars indicate the fraction of cells in the 1N peaks in galactose and glucose medium, respectively. The black bars indicate the ratio between the fraction of cells in the 1N peak in glucose and the fraction of cells in the 1N peak in galactose medium, that is, the change caused by the medium shift. (E) Fraction of cells with bud (at least 100 cells counted) before and after cessation of the synthesis of the indicated 40S proteins. The light gray and open bars indicate data for galactose and glucose medium, respectively. The black bars indicate the ratio between the fraction of budded cells in glucose and the fraction of budded cells in galactose medium. (F) Fraction of cells in the 1N and 3N peaks after cessation of the synthesis of the indicated 60S proteins. The light gray and open bars indicate the fraction of cells in the 1N peaks in galactose and glucose medium, respectively. The black bars indicate the ratio between the fraction of cells in the 1N peak in glucose and the fraction of cells in the 1N peak in galactose medium. The dark gray bars show the fraction of cells in the 3N peak or trail (for L17) in glucose medium. (G) Budding status (at least 100 cells counted) before and after cessation of the synthesis of the indicated 60S proteins. The light gray bars indicate fraction of budded cells in galactose medium, the open bars indicate the fraction of cells with one bud in glucose medium, and the black bars indicate the ratio between the fraction of single-budded cells in glucose and the fraction of budded cells in galactose. The dark gray bars indicate the fraction of cells with two or more buds in glucose. All strains are identified with the traditional yeast name of the r-protein whose synthesis was repressed. For correspondence to r-protein nomenclature for bacteria and humans, see [@B23]. Assignment of cell cycle phenotypes: G1, 1N(glu) **≥**0.7 and 1N(glu)/1N(gal) **≥** 1.4 (these values are marked by the dotted lines in D and G); (G1), 1N(glu) **≥** 0.6 and 1N(glu)/1N(gal) **≥** 1.3; G2/M, 3N or trail **≥** 0.1.
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In nearly all strains growing in galactose medium, the cells distributed with about half (40--60%) in each of the 1N and 2N peaks ([Figure 1, A--D and F](#F1){ref-type="fig"}). After the shift of the BY4741 control strain to glucose medium, the relative distribution of cells between the 1N and 2N peaks was essentially unchanged ([Figure 1, A and D](#F1){ref-type="fig"}). In contrast, transfer to glucose of 22 of the 26 strains with 40S proteins under P*gal* control resulted in redistribution from the 2N peak to the 1N peak ([Figure 1, B and D](#F1){ref-type="fig"}). This indicates that repression of the synthesis of most 40S proteins causes G1 cell cycle--arrest or significantly prolonged G1 phase. Even though the distribution of cells between the flow cytometry peaks is not a discrete parameter, we have assigned a "G1" phenotype to strains in which the fraction of cells in the 1N peak is at least 70% after the shift and the ratio of 1N fraction in glucose to the 1N fraction in galactose exceeds 1.3--1.4 ([Figure 1D](#F1){ref-type="fig"}). The 1N/2N ratio changed little for S20, but we have nevertheless assigned this strain as G1 in glucose because it has a high preponderance of 1N cells already in galactose and may be somewhat abnormal even under nonrepressing conditions. Accordingly, we conclude that a G1 phenotype follows after repression of the synthesis of S0--S6, S9--S11, S13--S15, S17, S19--S22, S26, S27, S29, and S30 ([Figure 1, B and D](#F1){ref-type="fig"}). Repression of the remaining four 40S proteins (S8, S23, S24, and S31) did not elicit a significant change in the flow cytometry profile; these strains were designated as N for "no change" ([Figure 1, B and D](#F1){ref-type="fig"}).

The flow cytometry response after repression of 60S protein synthesis was more complex than that observed for the 40S proteins. In particular, after repression of the synthesis of L4, L7, L18, and L40, we observed an unexpected third peak, containing 20--30% of the cells ([Figure 1, C and F](#F1){ref-type="fig"}). The position of this peak is consistent with cells, or mother cells with associated buds, containing more than 2N DNA equivalents. Accordingly, we named the peak 3N, although we do not know whether cells in this peak contain exactly 3N equivalents of DNA. Repression of the synthesis of L3, L28, L35, or L37 resulted in a weaker 3N peak or, in the case of L17, a somewhat more heterogeneous "trail" of cells or cell clusters with \>2N DNA content accounting for 10--15% of the cells ([Figure 1, C and F](#F1){ref-type="fig"}). Strains forming the 3N peak or \>2N trail in glucose medium were assigned as G2/M ([Figure 1F](#F1){ref-type="fig"}). These strains will be analyzed in more detail later.

Repression of the synthesis of nine large ribosomal subunit proteins (L1, L3, L9, L16, L19, L21, L25, L30, and L43) shifted cells from the 2N to the 1N peak ([Figure 1, C and F](#F1){ref-type="fig"}), similar to the results obtained with the majority of the 40S proteins, again indicative of G1 arrest or delay. Note that the phenotype of the P*gal*-*RPL*3 strain was mixed and scored as both G2/M and a weak G1. Similar experiments previously reported by the de la Cruz lab also suggested that repression of *RPL3* promotes G1 arrest or delay ([@B47]). The remaining 60S proteins (L2, L5, L8, L10, L13, L20, L23, L27, L32--L34) did not cause any significant changes in the flow cytometry profile and were designated as N ([Figure 2, C and F](#F1){ref-type="fig"}).

In summary, our flow cytometric analysis showed that repression of synthesis of 60S proteins yields two different protein-specific effects on DNA content, suggesting that certain 60S r-proteins are required for progression through the G2/M phase, whereas others are required for passage through the G1 phase. However, repression of the synthesis of 11 60S proteins had no effect on the distribution of cells between the cell cycle stages. In contrast, most 40S r-proteins are required for progression through G1.

Bright-field microscopy of cells
--------------------------------

As with the flow cytometry experiments, light microscopy analysis of cells after repression of 40S and 60S r-protein synthesis revealed a complex response spectrum. We saw three morphological phenotypes after repression of the synthesis of r-proteins from the 40S subunit ([Figure 1B](#F1){ref-type="fig"}). 1) For most strains, we observed a larger cell cross section after repression. This was supported by increased mean forward light scatter in the flow cytometer, which correlates with cell volume ([@B27]; [@B29]; Supplemental Figure S2). Thus our data suggest that repression of the synthesis of most 40S r-proteins results in *increased cell size*. 2) Repression of S20 synthesis generated *irregularly shaped cells*: cells were not just extremely large, but also unevenly shaped with elongated buds, appearing as if there were surface projections. 3) Repression of S17 synthesis generated *no change*---neither a defect in cell morphology nor an increase in cell size.

The morphological changes observed by bright-field microscopy after repression of 60S protein synthesis were more diverse and included phenotypes not observed for the 40S proteins ([Figure 1C](#F1){ref-type="fig"}). We classified the morphological effects after the medium shift of 60S strains into six categories. 1) *Mother cells with dibuds or tribuds* were observed after depletion of L2, L4, L7, L18, and L40. Furthermore, the mother cells were exceptionally large after repression of L40 synthesis. 2) *Mother cells with elongated buds* were observed after repressed synthesis of L2, L4, L7--L9, L18, and L19. In some strains, we found small ellipsoid single cells, which may have budded off from the mother cells with long buds. 3) Repressing the expression of *RPL17* led to a unique cell morphology defect with *chains of three or more cells*. 4) *A bulge* at the distal end of the mother cell emerged after repression of L34, L35, and L37 synthesis. 5) *Increased cell dimensions* were observed after repressing most of the 60S r-protein genes (see also Supplemental Figure S2). 6) *No morphological or cell size defects* were observed after repression of the synthesis of L31--L33. Note that there is some overlap between categories; that is, two or more of these characteristics can apply to a given strain. In summary, the microscopic observations show that both cell cycle progression and bud morphology control were disturbed in a protein-specific pattern by repressed synthesis of individual r-proteins.

We also counted the number of budded cells after the shift to glucose medium in each strain. The fraction of budded cells in the control strain, BY4741, remained virtually constant at ∼50% ([Figure 1E](#F1){ref-type="fig"}). In galactose medium, the fraction of budding cells in the strains with r-protein genes under P*gal* control was also 40--60%. However, after the shift to glucose medium, the fraction of budding cells in most of the gal-dependent cells decreased by twofold to fourfold ([Figure 1, E and G](#F1){ref-type="fig"}). This was expected for the strains that were classified as G1 according to the flow cytometry, but the fraction of budding cells also decreased even in strains that showed no shift between the 1N and 2N peaks (i.e., the "no-change" group) with the exception of L23. This suggests that the control of budding and DNA synthesis was uncoupled in these strains.

Further analysis of the flow cytometry profiles for r-proteins L4, L17, L18, and L40
------------------------------------------------------------------------------------

As already mentioned, repressed synthesis of L4, L7, L17, L18, and L40 resulted in a flow cytometry profile in which 20--30% of the cells were located in a peak or a trail containing cells with \>2N equivalents of DNA ([Figure 1, C and F](#F1){ref-type="fig"}). Repression of the synthesis of these proteins also generated mother cells with two or more buds or with chains of cells ([Figure 1C](#F1){ref-type="fig"} and Supplemental Figure S3). These results suggest that the \>2N portion of the flow cytometry profile is populated by multibudded or chained cells. To test this hypothesis, we analyzed cells repressed for L4, L17, L18, or L40 synthesis using a cell sorter according to their fluorescence intensity.

Microscopy of the cell pools originating from each peak showed that the 3N peak in the L4, L18, and L40 strains contained cells with two or three buds ([Figure 2A](#F2){ref-type="fig"}), as we had hypothesized. Also as expected, the 1N peak contained single cells; the 2N peaks contained mostly single budded cells, but also some with two buds, suggesting that elongated buds can be formed before substantial excess DNA synthesis (i.e., \>2N) has commenced. We do not know how much, if any, DNA has been transported into the buds. Mother cell and each of the two buds may have contained ∼1N equivalent of DNA, so that the mother cell--bud complex contained, in total, approximately 3N equivalents of DNA. However, it is also possible that all of the DNA was retained in the mother cell or that the buds contained incomplete genomes. Overall we interpret these results to mean that one or more late steps in the cell cycle is delayed or arrested but that a significant fraction of the mother cells can bypass this step and begin a new round of cell cycle, leading to the second bud. As also hypothesized, the \>2N trail observed after repression of L17 synthesis contained chains of cells, which also is consistent with inhibition of completion of late steps in the cell cycle ([Figure 2A](#F2){ref-type="fig"}).

![Analysis of cells from different parts of the flow-cytometry spectrum. Cells were collected and fixed 16 h after the shift from galactose to glucose. The cell suspensions were then sorted according to the indicated DNA content. (A) Cells from the 1N, 2N, and 3N or trail were inspected by manual microscopy. (B) Imaging (multidimensional) flow cytometry of cells from the P*gal*-*RPL17*. The database was queried according to the fluorescence intensity, and images from the 1N, 2N, and trail are shown. Bf, bright field; PI, propidium iodide; Bf/PI, merge. Strains are identified by the traditional yeast name of the protein whose synthesis was repressed.](3620fig2){#F2}

The bud morphology observed in the sorted cells matched what we observed for live cells; that is, elongated buds were seen after depletion of L4 and L18, whereas buds after L40 depletion were mostly of normal morphology, as also observed with the live cells ([Figure 1C](#F1){ref-type="fig"}). The 1N peak of the L4- and L18-depleted strains contained both normal-looking cells and oval-shaped single cells possibly generated by cytokinesis of the elongated buds.

To further dissect the flow cytometry profile, we shifted cultures of the P*gal*-*RPL17* cells to glucose and subjected them to multispectral imaging flow cytometry. This procedure generates low-resolution images of cells as they pass through the flow cytometer, and the images are stored in a database along with the data for propidium fluorescence intensity for each imaged cell. Images of randomly chosen cells from the different peaks in the flow cytometer profile were printed ([Figure 2B](#F2){ref-type="fig"}). The results confirmed the microscopy of the sorted cell populations described previously. That is, the 1N peak contained single cells with one nucleus ([Figure 2B](#F2){ref-type="fig"}), the region between the 1N and 2N peaks contained a mother cell with a single nucleus and a small bud (not shown), the 2N peak contained mother cells with larger buds and two nuclei, and the 2N "trail" comprised cell chains.

Collectively the results shown in [Figures 1C](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} suggest that repression of r-proteins L4, L17, L18, and L40 activates a checkpoint, affecting passage through G2/M and/or cytokinesis. By inference, we suggest that the remaining proteins in the 3N group (L3, L7, L28, L35, and L37) also activate such a checkpoint.

Budding pattern and distribution of nuclei
------------------------------------------

To further characterize the cells after repression of specific r-protein genes, we investigated budding patterns and 4′,6-diamidino-2-phenylindole (DAPI; DNA) staining after inhibiting the synthesis of S1, S5, S19, S20, L2, L5, L17, L18, and L25. These proteins were chosen because they represent a variety of phenotypes in the bright-field microscopy and flow cytometry experiments. Budding patterns were examined by staining with calcofluor, which binds to the "bud scars," that is, to the chitin left on the mother cell at the site(s) where buds have been pinched off. In haploid wild-type strains, the bud scars on the mother cells are "axial," that is, adjacent to one another, whereas budding in diploid wild-type strains is "bipolar," with some scars at opposite poles ([@B51]). Previous studies showed that many different deletions in diploid strains, including haploinsufficiency for several r-protein genes, distort the normal control of budding site selection ([@B43]).

The BY4741 control strain, in which all chromosomal r-protein genes are intact, generated the expected haploid cell axial budding pattern (i.e., bud scars from successive divisions were adjacent on the cell surface) in both galactose medium and 16 h after a shift to glucose medium ([Figure 3](#F3){ref-type="fig"}). Furthermore, the DAPI staining showed nuclei in all large but not small buds ([Figure 3](#F3){ref-type="fig"}). The same calcofluor and DAPI patterns were seen in both galactose and glucose medium in the S1 strain ([Figure 3](#F3){ref-type="fig"}), indicating that repression of S1 synthesis does not affect bud site selection.

![Nuclear content of, and bud scar distribution, on cells before and 16 h after the repression of the indicated r-protein genes. In each group of images the bright-field image is to the left and the confocal image is to the right. DAPI staining appears in turquoise staining to the left, and calcofluor appears to the right in gold stain.](3620fig3){#F3}

All of the other strains we examined also showed normal wild-type budding patterns when grown in galactose medium. However, after the shift to glucose medium, the budding pattern changed to a bipolar (S19, L5, L18, L35) or random (S20) arrangement or a combination of both (S5, L2, L17; [Figure 3](#F3){ref-type="fig"}). Bud scars were seen at mother--daughter cell interfaces after repression of L2, L17, and L35 synthesis, suggesting that cytokinesis was inhibited. However, single elongated cells were also observed after repression of L2 ([Figure 3](#F3){ref-type="fig"}), presumably formed from the mother cells with elongated buds and indicating that cytokinesis may not be completely arrested but instead slowed significantly. Chitin was present at the "bulge" of the cell in the L35 strain, perhaps signifying that the bulge formed as a result of separating the previous bud from the mother.

The repression of r-protein synthesis also affected DNA organization and distribution in a variety of ways. Many small, scattered DAPI-stained bodies were observed in several strains (S1, S5, S19, S20, L5, L17, and L18; [Figure 3](#F3){ref-type="fig"}), perhaps due to continued replication of mitochondrial DNA. Smaller nuclei were seen in the S20 strain, indicating that the organization of the chromosomes may be altered in these cells. The absence of visible nuclei in some cells in the chains after repression of L17 synthesis ([Figure 3](#F3){ref-type="fig"}) suggests that nuclear segregation could be distorted. Finally, DNA is detectable in some bud necks after repression of S5, S20, and L5 synthesis, implying that the transport of DNA into the bud may also take longer than normal after depletion of these proteins.

Formation of chains in Pgal-RPL17
---------------------------------

We were interested in watching the development of abnormal cell morphology and chose to follow the formation of cell chains in the P*gal*-*RPL17* strain. A culture was grown in galactose medium and shifted to glucose medium. After 2 h, an aliquot was placed on a microscope slide, and two different pairs of cells were chosen for continuous observation ([Figure 4](#F4){ref-type="fig"}). As a control, a cell from P*gal*-*RPL17* growing in galactose was also observed. Photographs were taken at the indicated times after the beginning of microscopy. Both cells in each of the pairs from the glucose culture formed new buds at opposite ends relative to points of attachment from the previous division. After ∼4 h (6 h after the shift to glucose medium), the buds had grown to a size that approximated "normal daughter size," but neither the new daughters nor the original mother cells separated from each other. Note that DAPI staining of L17 cells chains clearly showed a nucleus in most but not all cells, and the chitin staining showed bud scars forming at all cell--cell interfaces ([Figure 3](#F3){ref-type="fig"}). Thus it appears that mitosis between most mother--daughter pairs in the chains may have been completed (although nondisjunction cannot be excluded), but cytokinesis did not follow. In contrast, the galactose-grown control cells went through budding and created a small pile of normal cells ([Figure 4](#F4){ref-type="fig"}).

![R*gal-RPL17* was grown in galactose medium until an OD~600~ of ∼0.6 (∼10^7^ cells/ml) and shifted to glucose medium for 2 h. Samples of the culture were prepared for microscopy of live cells, and two pairs of connected cells of approximately equal size were chosen for continuous observation for ∼4 h. Pictures were taken at the indicated times (hours) after the beginning of microscopy.](3620fig4){#F4}

DISCUSSION
==========

The signaling that connects ribosome biogenesis with the cell cycle and other cellular processes is poorly understood. To establish the basic parameters for this network, we inhibited the synthesis of 54 of the 80 individual r-proteins in haploid *S. cerevisiae* and followed the effects using flow cytometry and light microscopy analyses. Because inhibition of the synthesis of each of the 54 r-proteins prevented colony formation and disturbed the formation of functional ribosomes ([@B13]; [@B46]), with ensuing reduction of protein synthesis capacity, we anticipated a uniform response independent of which protein gene was repressed. To our surprise, abolishing the supply of individual r-proteins generates protein-specific responses.

We found three classes of changes in cell cycle progression, depending on the protein whose synthesis is repressed ([Figure 1, B--D and F](#F1){ref-type="fig"}). First, for 31 proteins (22 from the 40S and nine from the 60S subunit), the cell cycle distribution shifted from 2N toward 1N, indicating that progression through G1 phase is prolonged or arrested. A similar phenotype was observed in strains deleted for genes for nonessential ribosomal proteins ([@B21]). Second, for nine 60S subunit proteins, we observed accumulation of mother cells with two or three buds or chains of cells that collectively contain \>2N equivalents of DNA (3N or trail), suggesting a delay or arrest at some point between late G2 phase and cytokinesis (referred to as G2/M). A similar "checkpoint" was recently reported in response to a combination of inhibition of 40S and 60S r-protein synthesis in human cells ([@B18]). Third, for 15 proteins (four from the 40S and 11 from the 60S subunit) no significant cell cycle response was observed.

We also observed three types of morphological change. First, for many proteins we observed an increase in cell volume ([Figure 1, B and C](#F1){ref-type="fig"}, and Supplemental Figure S2). Preliminary observations suggest that this may be related to the accumulation of large vacuoles (Md.S. and L.L., unpublished data), similar to vacuoles described by [@B3]) upon repression of the synthesis of proteins from the small subunit processome. Second, in some strains, bud morphology was changed to extremely long, almost cylindrical, buds, indicating that the normal switch from polar to isotropic cell wall growth ([@B32]) fails to occur. Third, distorted bud site selection was observed in most of the strains analyzed for this feature. Screens for protein haploinsufficiency in diploid yeast previously indicated links between ribosome protein synthesis and bud site selection and cell morphology ([@B43]), but this is the first report of a systematic analysis of the effect of repressed r-protein synthesis.

The protein specificity of the effect on cell cycle and bud morphology demonstrates that the effect on cell cycle does not stem simply from lack of ribosomes but instead from an insufficient supply of specific proteins. Furthermore, there is little correlation between the strains in the cell cycle and bud morphology classifications. Specifically, the L4, L7, and L18 strains exhibit both the G2/M and the long-bud phenotype, whereas the L3, L17, L28, L35, L37, and L40 strains also generate the G2/M phenotype but do not exhibit formation of elongated buds. Furthermore, the L2, L8, L9, and L19 strains also show long buds but are either N or G1 with respect to flow cytometry. We also note that distorted bud site selection appears to be a general phenotype, not associated with a particular cell cycle phenotype. We conclude that even though each of the phenotypes we observed was specific to the protein whose synthesis was repressed, there does not seem to be a "master" signal that coordinately generates all the phenotypes we described. This argument is strengthened by the fact that the phenotypes described here are not correlated with the previously reported disturbances of rRNA processing using the same set of strains we used ([@B13]; [@B46]). In the latter case, four different phenotypes with respect to the processing of the 5′ end of 5.8S rRNA and cleavage in the Internal Transcribed Spacer 2 (ITS2) were noted after repression of 40S r-protein genes ([@B13]). In contrast, repression of most 40S r-protein genes resulted in a single phenotype (G1 arrest). Regarding the 60S r-protein genes, we observed the G2/M phenotype after repressing expression of the L3, L4, L7, L17, L18 L28, L35, L37, and L40 genes, but repression of these genes does not generate the same rRNA processing phenotype. Depletion of L3, L4, L7, or L18 causes a relative increase of immature compared with mature 5′ ends of 5.8S rRNA, whereas reduced synthesis of L17 and L28 results in a decrease in the same ratio ([@B46]). Furthermore, the phenotype of an increased ratio between immature and mature ends was also seen for L8, L16, L32, and L33, whereas these strains belong to the G1 or no-change groups in our study.

In contrast to the incomplete overlap in the classifications just discussed, there is an intriguing correlation between the cell cycle phenotypes and the locations in the ribosome of the proteins whose reduced synthesis induces these phenotypes ([Figure 5](#F5){ref-type="fig"}). Proteins linked to the G2/M response all map to the solvent side of the 60S subunit. On the other hand, proteins whose cessation of synthesis generates the G1 response are either 40S proteins or 60S proteins on the interface side, forming a ring around the 25S rRNA domain that connects to the 40S subunit. Of interest, the same subunit specificity may also apply to the few ribosomal assembly factors that have been tested for effects on the cell cycle. Cessation of the synthesis of a number of proteins from the small subunit processome results in G1 arrest ([@B2]; [@B3]), whereas repression of the synthesis of the 60S-specific factor Nop15 or Rrp14 generates accumulation of cells during the late part of the cell cycle ([@B45]; [@B44]; [@B61]). The differential effects of disrupting the 40S and 60S pathways may also apply to mammalian cells. Conditional deletion of the RPS6 gene in liver cells prevents the transition from G1 to S phase ([@B55]; [@B17]), but combined disruption of the synthesis of one protein from each subunit activates a G2/M checkpoint ([@B18]) that is akin to our observations in yeast.

![Grouping of proteins on the model for the *S. cerevisiae* ribosome. (A, B) The 60S subunit proteins (rRNA omitted) viewed from the solvent side (A) or the interface side (B). (C, D) The 60S proteins (rRNA included) viewed from the solvent side (C) or interface side (D). (E, F) The 80S ribosome viewed from the solvent side of the 60S subunit (E) or the solvent side of the 40S subunit (F). (G, H) The 80S ribosome viewed from the P-stalk side (G) or the L1 stalk side (H). Proteins are color coded according to the phenotype generated in response to repression of their synthesis. Red, 60S proteins with G2/M phenotype; yellow, 60S proteins with G1 phenotype; magenta, 40S proteins with G1 phenotype; turquoise, 60S proteins with no phenotype; green, 40S proteins with no phenotype; gray, 25S, 5.8S, and 5S rRNA; blue, 18S rRNA. Models were rendered with Chimera using Protein Data Base files 3U5B, 3U5C, 3U5D, and 3U5E. Phenotypes generated upon repression of the synthesis of specific proteins are listed in [Figure 1, D and F](#F1){ref-type="fig"}; see also [Figure 1, B and C](#F1){ref-type="fig"}.](3620fig5){#F5}

The separation into topological domains required for advancement through G1 and G2/M suggests that progression through different parts of the cell cycle depends on the integrity of distinct regions of the ribosome. There are several, potentially overlapping models that could account for this. First, the mature ribosome, a precursor of the ribosome, or a preassembly neighborhood of ribosomal components ([@B63]) could serve as a reservoir for proteins involved in control of the cell cycle. The solvent side of the 60S subunit or pre-60S might interact with nonribosomal proteins required for progression through late stages of the cell cycle, whereas the interface side of the 60S and the 40S subunit or precursor particles might interact with nonribosomal proteins required for completion of the G1 phase. Such interactions might involve steps in both the nucleus and the cytoplasm because the G2/M group includes r-proteins that join the preribosome early as well as late in the assembly pathway. Thus L4 and L17 (equivalent to the L4 and L22 bacterial r-proteins, respectively) are expected to bind to the nascent ribosome in the nucleus because they are known as "early binding proteins" in bacteria ([@B49]), whereas L40 is added to the preribosome after its export to the cytoplasm ([@B12]). We speculate that cell cycle proteins important for late step(s) of the cell cycle could attach to the 60S solvent side in the nucleus and be released in the cytoplasm upon maturation of the ribosome.

A second possibility is that repressed synthesis of individual r-proteins results in the generation of "specialized" ribosomes with different affinities for translation-regulatory factors and individual messengers. This model would predict that factors stimulating the synthesis of proteins promoting passage through G1 or G2/M bind to separate domains of the ribosome. Alternatively, specialized ribosomes could simply be error-prone. In this regard, we note that all proteins associated with the G1 phenotype are on the 40S subunit (containing the mRNA-decoding center) and on the 60S interface side. Although none of these 60S proteins has been implicated in translation accuracy, it is probable that the loss of a protein on the 60S interface side would affect the rRNA intersubunit bridges, which are known to be important for translation accuracy ([@B33]).

It is well established that surveillance mechanisms in both the nucleus and the cytoplasm normally degrade incorrectly assembled ribosomal particles (e.g., [@B8]; [@B38]; [@B25]) and prevent precursor ribosomes from commencing mRNA translation ([@B52]). In fact, most rRNA synthesized during the repression of the r-protein genes in the strains used here is degraded ([@B13]; [@B46]; (A.B., J.M.Z., and L.L., unpublished data). However, a few nascent precursor ribosomes might escape the surveillance mechanisms, resulting in the formation of small numbers of ribosomes with an incomplete set of r-proteins, which may change their propensity for translating different groups of cell cycle proteins ([@B60]). This model is compatible with the growth of an extra set of ribs in mice lacking the gene for r-protein L38 ([@B28]). The finding of 60S ribosomal subunits lacking r-protein L1 ([@B38]) is also compatible with this model.

Third, several reports suggest that cell cycle proteins could directly affect ribosome metabolism in other ways. The Cdc14 phosphatase, which is part of the mitosis exit network, is located in the nucleolus throughout the cell cycle, except during anaphase, when it is released into the nucleoplasm and subsequently into the cytoplasm ([@B4]). The proximity between Cdc14 and rRNA genes might contribute to a link between ribosome biogenesis and cell cycle progression. It has also been reported that the cell cycle Cdc48 ATPase is part of a complex required for the degradation of dysfunctional mutant large ribosomal subunits ([@B15]).

A fourth possibility is that some r-proteins and ribosome assembly factors are bifunctional ([@B58]). This appears to be the case for Nop7, also known as Yph1, a protein that has been identified as a component of both the 60S precursor ribosomal particle and the origin of DNA replication particle ([@B9]). Observations made with higher eukaryotes further support the concept of a connection between ribosome biogenesis and cell division. Certain r-proteins in mammalian cells inhibit the Mdm2 ubiquitin ligase and thereby affect the stability of p53 ([@B5]; [@B40]; [@B53]). In addition, [@B1]) described a structure called the nucleolinus, which is associated with the nucleolus and may be necessary for formation of the cell division apparatus.

A final point is that our results may be relevant to understanding cell fate and development in higher eukaryotes. Many mutations that disturb normal ribosome biogenesis in metazoans are known to result in abnormal development and a variety of congenital diseases called ribosomopathies. These include Diamond--Blackfan anemia, X-linked dyskeratosis congenita, Shwachman--Diamond syndrome, and other cancers ([@B35]; [@B11]; [@B57]; [@B48]). The molecular mechanisms responsible for these connections remain enigmatic but appear to involve changes in the nucleolus resulting from a distortion of normal ribosome biogenesis ([@B41]; [@B42]). Recent experiments show that a significant fraction of human ribosome assembly factors are homologous to those identified in yeast, but human cells also have a significant number of assembly factors with no yeast counterparts ([@B54]). Yeast may thus prove to be a good model for some ribosomopathies but not others (reviewed in [@B59]). We expect that our observation of signaling between ribosome biogenesis and cell cycle control and cell morphology will provide useful models for understanding some, but certainly not all, human ribosomopathies.

MATERIALS AND METHODS
=====================

Strains and growth conditions
-----------------------------

The strains used are listed in Supplemental Table S1. In all strains except the BY4741 control strain, the expression of a single r-protein is under control of the galactose-inducible promoter. The P*gal*-*RPL4B* strain (see the Supplemental Material) was constructed in our lab by standard protocols. The P*gal*-*RPL4B* plasmid was constructed from pGILDA (Clonetech) by recombineering ([@B30]). All other strains were generous gifts from Philipp Milkereit (University of Regensburg, Regensburg, Germany) and John Woolford (Carnegie Mellon University, Pittsburgh, PA; [@B13]; [@B46]; J. Woolford, personal communication). In brief, all galactose-controlled genes except for *RPL7* and *RPL18* are on centromer plasmids (low copy). The *RPL7 and RPL18* galactose-controlled genes are in the chromosome at their cognate positions. *RPL4* repression was tested in two strains carrying the P*gal*-RPL4A gene in the chromosome or the P*gal*-RPL4B gene on a plasmid (see the Supplemental Material). In all other cases only one paralogue (where two exist) was used. The identity of the r-protein under P*gal* control in all strains used was verified in our lab by PCR amplification of DNA between a primer in the galactose promoter and another in the structural gene for the r-protein under galactose control (Md.S. and L.L., unpublished results). Supplemental Table S1 provides complete genotypes of all strains used.

Cultures were grown asynchronously in 1% yeast extract, 2% peptone, 2% galactose (YPGal) at 30˚C until mid--log phase (OD~600~ ∼ 0.8--1.0, corresponding to ∼\[1.5--2\] × 10^7^ cells/ml) and then shifted (1:10 dilution) into 1% yeast extract, 2% peptone, 2% glucose (YPD). Cells were harvested 16 h after the shift of media. Cultures were diluted as necessary with prewarmed media to keep the OD~600~ \<1.0 using a Hitachi U1100 spectrophotometer (Hitachi High-Technologies Corporation, Japan).

Bright-field microscopy
-----------------------

Cells (1 OD~600~ unit corresponding to ∼2 × 10^7^ cells) were collected by centrifugation in a Biofuge (Sorvall Heraeus) at 13,000 rpm for 1 min, resuspended in 100 μl of YPGal or YPD medium, and sonicated using the Branson Sonifier 450 at power setting 3 for 5 s to break up clumps of cells. Cells were viewed under a bright-field microscope (Nikon Microphot-SA) at 40× magnification, and pictures were taken using the SPOT RT camera. The fraction of cells with one, two, or thee buds was counted in a hemocytometer. At least 100 cells were counted for each strain. To image the sorted cells collected from the FACS, approximately 5000 cells were prepared for microscopy as described, except that they were reconstituted with 100 μl of phosphate-buffered saline (PBS) solution. Cell suspensions were viewed through an Imagining Retiga 4000R fluorescence microscope and imaged by an Olympus BX41 camera.

Confocal microscopy
-------------------

Cells (1 OD~600~ unit) were collected and washed with PBS. The cell pellet was resuspended in 1 ml of 70% cold ethanol on a rocker for 2 h at 4°C. A final concentration of 100 ng/ml DAPI (Sigma-Aldrich, St. Louis, MO) or 100 ng/ml calcofluor (Sigma-Aldrich) was added to the cells, which were then incubated for 30 min in the dark at room temperature ([@B34]). Cells were washed, reconstituted with 100 μl of PBS, and sonicated before being viewed under a Leica TCS SP5 confocal microscope equipped with LAS AF Lite Software using the 63× oil immersion lens. The filter was set at 380 nm for the excitation and 425 nm for the emission.

Flow cytometry
--------------

Cells (1 OD~600~ unit) were collected and fixed with 1 ml of cold 70% EtOH and placed on a rocker at 4°C overnight. The cells were washed with 1 ml of 50 mM Tris-HCl (pH 7.5) and resuspended in 450 μl of the same buffer. The cells were then supplemented with 50 μl of 10 mg/ml RNaseA in water (Sigma-Aldrich; stock solution was heated at 100°C for 15 min to inactivate any DNases), incubated at 37°C for 2--4 h, washed with 1 ml PBS twice, and resuspended in 500 μl of PBS. Propidium iodide (PI; 15 μg/ml; Sigma-Aldrich) was added, and samples were subsequently kept in the dark. Cells were stored for ∼24 h at 4°C (the maximal storage time for the stained cells was 1 wk), sonicated, and vortexed. Fifty microliters of the PI-stained cells was added to 450 μl of PBS and passed through an Epics XL (Beckman Coulter, Ft. Collins, CO) or a Cyan ADP flow cytometer (Beckman Coulter) and interrogated by a 488-nm excitation wavelength; emitted light was collected using a 630-nm band pass filter. The flow rate was set at 200 cells/s, with a total number of ∼20,000 cells collected. Data for distribution of DNA content per cell and forward light scattering were analyzed using Summit Software (Beckman Coulter).

Cell sorting was performed on a MoFlo Flow Cytometer (Beckman Coulter). Cells were fixed, labeled with propidium iodide, and analyzed as described. Aggregates were eliminated using a Pulse Width gate. Gates were set around the N, 2N, and 3N peaks in the PI histogram, and cells within those gates were collected and inspected by microscopy. Imaging flow cytometry was performed on an Amnis ImageStream^X^ imaging flow cytometer (Amnis Corporation, Seattle, WA) at 60× magnification. Focused cells were identified and gated using the Gradient RMS Brightfield feature. The 1N, 2N, and 3N gates were set on the corresponding peaks using an intensity histogram of the propidium iodide, and cells within each gate were visualized.
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